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The non-interacting nature of light makes the observation of photonic quantum phase transitions
an impossible task. We demonstrate how a photonic insulator type of phase(Mott phase) can arise in
an array of coupled high Q electromagnetic cavities and show how to drive the system to a superfluid
state. Each cavity site is coupled resonantly to a single two level system (atom/quantum dot/Cooper
pair) and can be individually addressed from outside. In the Mott phase each atom-cavity system
has the same integral number of net polaritonic (atomic plus photonic) excitations with photon
blockade providing the required repulsion between the excitations in each site. Detuning the atomic
and photonic frequencies suppresses this effect and induces a transition to a photonic superfluid. We
also show that for zero detuning, the system can simulate the dynamics of many body spin systems.
The studies of insulator to superfluid transitions in
many body systems[1] and their realization in optical
lattices [2, 3, 4, 5] have opened great possibilities for
simulating many body systems. It is thus interesting
to explore which other systems permit such phases and
simulations, especially if the problem of accessibility of
the individual sites is not present. Particularly arrest-
ing will be to find such phases in a system of photons
which, by being non-interacting, are unlikely candidates
for the studies of many-body phenomena. Here we pro-
pose such a system consisting of coupled high Q elec-
tromagnetic cavities[6, 7, 8, 9, 10, 11], doped with single
two level systems[12, 13, 14, 15, 16, 17, 18, 19, 20]. Using
the nonlinearity generated from the corresponding pho-
ton blockade effect[21, 22], we predict strong correlations
between the hopping photons in the array and show the
possibility of observing a phase transition from a polari-
tonic insulator to a superfluid of photons[31]. In addition,
the possibility to simulate the dynamics of an XY spin
chain-with individual spin manipulation possible-using
the Mott phase of the system is suggested.
Assume a chain of N coupled cavities. A realiza-
tion of this has been studied in structures known as a
coupled resonator optical waveguide (CROW) in pho-
tonic crystals[8, 9, 10, 23], in tabered fiber coupled
toroidal microcavies[14] and coupled superconducting
microwave resonators [12, 17, 18]. This has already
stimulated proposals to use such systems to produce
entangled photons and to implement optical quantum
computing[24, 25, 26, 27]. We will describe the sys-
tem dynamics using the operators corresponding to the
localized eigenmodes (Wannier functions), a†k(ak). The










and corresponds to a series quantum harmonic oscilla-
tors coupled through hopping photons. The photon fre-
quency and hopping rate is ωd and A respectively and
no nonlinearity is present yet. Assume now that the
cavities are doped with two level systems (atoms/ quan-
tum dots/superconducting qubits) and |g〉k and |e〉k their
ground and excited states at site k. The Hamiltonian de-
scribing the system is the sum of three terms. Hfree the
Hamiltonian for the free light and dopant parts, Hint the
Hamiltonian describing the internal coupling of the pho-
ton and dopant in a specific cavity and Hhop for for the
















where g is the light atom coupling strength. The Hfree+
Hint part of the Hamiltonian can be diagonalized in a
basis of mixed photonic and atomic excitations, called
polaritons (Fig. 1).
We will now justify that as the detuning ∆ is decreased,
the lowest energy states of the system consistent with a
given number of net excitations per site (or filling factor)
becomes a Mott state of the net excitations for integer
values of the filling factor. To understand this, we rewrite
the Hamiltonian (for ∆ ∼ 0) in terms of the polaritonic
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FIG. 1: A series of coupled cavities coupled through light
and the polaritonic energy levels for two neighbouring cavi-
ties. These polaritons involve an equal mixture of photonic
and atomic excitations and are defined by creation opera-
tors P
(±,n)†
k = (|g, n〉k〈g, 0|k ± |e, n − 1〉k〈g, 0|k)/
√
2, where
|n〉k, |n − 1〉k and |0〉k denote n, n − 1 and 0 photon Fock
states in the kth cavity. The polaritons of the kth atom-
cavity system are denoted as |n±〉k and given by |n±〉k =
(|g, n〉k ± |e, n− 1〉k)/
√
2 with energies E±n = nωd ± g
√
n and
are also eigenstates of the the sum of the photonic and atomic
excitations operator Nk = a†kak + |e〉〈e|k with eigenvalue n.
N∑
n=1





n− n)P (+,n)†k P (+,n)k +
A(a†kak+1 +H.C). (5)
The above implies (assuming the regime A << g
√
n <<
ωd) that the lowest energy state for a given number, say
η, of net excitations at the kth site would be the state
|η−〉k (this is because |η+〉 has a higher energy, but same
net excitation η). Thus one need only consider the first,
third and last lines of the above Hamiltonian H for de-
termining the lowest energy states. The first line cor-
responds to a linear spectrum, equivalent to that of a
harmonic oscillator of frequency ωd − g. If only that
part was present in the Hamiltonian, then it would not
cost any extra energy to add an excitation (of frequency
ωd − g) to a site already filled with one or more excita-
tions, as opposed to an empty site. However, the term
g(n−√n)P (−,n)†k P (−,n)k raises energies of uneven excita-
tion distribution such as |(n+1)−〉k|(n−1)−〉l among any
two sites k and l relative to the uniform excitation dis-
tribution |n−〉k|n−〉l among these sites. Thus the third
line of the above Hamiltonian can be regarded as an ef-
fective, nonlinear “on-site” photonic repulsion, and leads
to a Mott state of the net excitations per site being the
ground state for commensurate filling.
To justify the transition of the system from a Mott
phase to a superfluid phase as detuning ∆ = ω0 − ωd
is increased, we have performed an numerical simulation
using three sites using the Hamiltonian of Eq.(2)-(4) (for
engineered coupled cavity systems [14], such “few site”
systems are the ones which will be more readily experi-
mentally accessible). In the Mott phase the particle num-
ber per site is fixed and its variance is zero (every site is
in a Fock state). In such a phase, the expectation value
of the destruction operator for the relevant particles-the
order parameter is zero. In the traditional mean field
(and thus necessarily approximate) picture, this expec-
tation value becomes finite on transition to a superfluid,
as a coherent superposition of different particle numbers
is allowed to exist per site. However, our entire system
of three sites is a “closed” system and there is no par-
ticle exchange with outside. Superfluid states are char-
acterized by a fixed “total” number of particles in the
three site system and the expectation of a destruction
operator in any given site is zero even in the superfluid
phase. Thus this expectation value cannot be used as
an order parameter for a quantum phase transition. In-
stead we use the variance of total number of excitations
per site, the operator Nk, in a given site (we choose the
middle cavity, but any of the two other cavities would
do) to characterize the Mott to superfluid phase transi-
tion. This variance var(Nk) has been plotted in Fig.2
as a function of log10 ∆ for a filling factor of one net
excitation per site. For this plot, we have taken the pa-
rameter ratio g/A = 102, with ∆ varying from ∼ 10−3g
to ∼ g and ωd, ω0 ∼ 104g (∼ 102g gives the same re-
sult) and g/max(κ, γ) ∼ 103, where κ and γ are cav-
ity and atom/other qubit decay rates. This is expected
to be feasible in both toroidal microcavity systems with
atoms [14] and stripline microwave resonators coupled
to superconducting qubits [18], so that the above state
is essentially unaffected by decay for a time 10/A (10ns
for [14] and 100ns for [18] implementations). The Mott
(var(Nk) = 0) to superfluid (var(Nk) = 0.75) transition
takes place over a finite variation of ∆ (because of the
finiteness of our lattice) around 102g.
To strengthen our case, we have also performed nu-
merical solutions of the dynamics of the system using the
Hamiltonian of Eq.(2)-(4) and same parameters as above.
The dynamics is essentially unaffected by dissipation as
that takes place over a time scale of 10 times the slow-
est dynamical time-scale, namely 1/A (feasibility pointed
out in last paragraph). More specifically we calculate the
probabilities of populating the lowest polaritonic state of
the first and second manifolds |1−〉k, |2−〉k of a middle
cavity out of an array of three cavities. The initial state
is the polaritonic state |1−〉k excited at the right and the
left cavities, with the middle cavity being in the ground
state |g, 0〉k. Figure 3 shows as expected from our discus-
sion above, on resonance the photon blockade is prevent-

















FIG. 2: The order parameter as a function of the detuning be-
tween the hopping photon and the doped two level system(in
logarithimic units of the matter-light coupling g). Close to
resonance (0 ≤ ∆ ≤ 10−1), where the photon blockade in-
duced nonlinearity is maximum (and much larger than the
hopping rate), the system is forced into a polaritonic Fock
state with same integral number of excitations per site(order
parameter zero-Mott insulator state). Detuning the system
by applying external fields and inducing Stark shifts (∆ ≥ g),
weakens the blockade and leads to the appearance of differ-
ent coherent superpositions of excitations per site( a photonic
superfluid)
ing any excitation to any state higher than the first(Mott
insulator phase). However, by simply varying the atomic
frequency and inducing some detuning (of the order of
100g in our simulation), the weakening of the blockade
effect results in the probability of exciting to the second
manifold to become increasingly strong. This means that
the polaritonic excitations(or better the photon like po-
laritonic particles now as we are in the dispersive regime)
can hop together in bunches of two or more from cavity
to cavity(superfluid regime).
We will now show that in the Mott regime the system
simulates a XY spin model with the presence and ab-
sence of polaritons corresponding to spin up and down.
Let us assume we initially populate the lattice only with















































k is the polaritonic operator creat-
ing excitations to the first polaritonic manifold (Fig. 1).
In the rotating wave approximation, Eq. 8 reads (in the













 Evolution for initial state 101




































FIG. 3: Up: The probability of exciting the polaritons corre-
sponding to one (thick solid line) or two (thick dashed line)
excitations per cavity at the resonant case in the strong cou-
pling regime. In our case, as we started with fewer polaritons
than number of cavities, oscillations occur for the single ex-
citation polariton. The double one is never occupied due to
the blockade effect-Mott insulator phase(thick dashed line).
For the detuned case however, hopping of more than one po-
laritons is allowed(superfluid regime) which is evident as the
higher polaritonic manifolds are being populated now.(dashed










In deriving the above, the logic is two step. Firstly note





between polaritons, are fast rotating and they vanish.
Secondly, if we create only the polaritons P
(−)†
k in the
lattice initially with energy ω0 − g, then the polaritons
corresponding to P
(+)†
k will never even be created, as





k can also be omitted. Note that because the

























The latter is the standard XY model of interacting
spins with spin up/down corresponding to the pres-
ence/absence of a polariton. The dynamics of XY spin
models in any excitation sector can thus, in principle, be
simulated by the system under consideration, a clear ad-
vantage over simulations using resonantly coupled chain
of oscillators. Some simple applications of XY spin chains
in quantum information processing such as quantum in-
formation transfer [26, 29, 30] can thus be readily imple-
mented in our system.
4In conclusion we showed that quantum phase transitions
for light could be observed in optical systems of coupled
cavity arrays and proposed possible implementations us-
ing CROWS in photonic crystals, toroidal microcavities
and superconducting systems. We also discussed the abil-
ity and advantages of simulating XY spin chains effects
using our scheme.
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